Introduction
Recently, the number of deaths caused by blood vessel related disease, such as heart disease, is increasing in Japan. Atherosclerosis is one of the most serious and common form of vascular diseases. Vascular stent is a meshed tube which is widely used for treatments of narrow or blocked arteries. Stents are inserted into a blood vessel, expanded at the narrow lesion, and restore the blood flow. Nitinol self-expanding stents are widely used for artery stenosis treatments due to the high flexibility. However, the radial stiffness of self-expanding stents is low compared to balloon-expanding stents. The lower radial stiffness leads to larger recoil of self-expandable stents due to the springback forces of the vessel. Recently, a high strength ferrous polycrystalline shape-memory alloy exhibiting a superelastic strain of more than 13% has been developed [1] . However, the effects of using advanced material having the higher stiffness and extremely high superelastisity on stent functions and stenting outcome have not been clarified yet.
In this research mechanical influence of material properties of the stent materials on the stenting outcome are studied by stent deployment simulations using finite element method (FEM).
Methods

Analysis Models
Simulations of self-expanding stent deployment to carotid artery with either eccentric or concentric plaque were carried out by FEM software ANSYS 15.0. Two kinds of stent materials and delivery systems were considered and the outcomes of the stent deployment were compared. Figure 1 shows the stent geometry. FEM models of the carotid artery and two kinds of plaque models are shown in Fig.2 and Fig.3 . In this analysis, to consider the effects of delivery systems, two methods of the unsheathing were studied: (1) the conventional method where a stent comes out from one end of the sheath and (2) a new method in which the stent comes out from the center of the sheath (see Fig.4 ).
Figure1
. Stent geometry, all units in mm 
Analysis Conditions
The material model used in the simulation is defined by super-elastic model available in ANSYS. The plaque and artery models are defined by Mooney-Rivlin model. Figure 5 shows the material parameters of super-elastic materials. Table 1 and Table 2 summarize the material parameters used in this analysis. Two load steps were applied on the outer sheath. 1) Stent crimping process: displacement in x direction to crimp the stent until the target diameter, which is slightly smaller than vascular lumen, was applied to the outer sheath. Stent was crimped by outer sheath and constrained while vessel and plaque elements were deactivated in this process. 2) Stent expansion process: displacement in z direction was applied to outer sheath. Stent was released from outer sheath and interactions of the stent with the vessel and plaque was induced in this process. All models were activated in this process. (c) show that when the conventional delivery system was used, the radial displacement of vessel wall where the stent and vessel wall was in initial contact become larger than that of the other end where the stent and vessel wall was in contact last. Excessive expansion of the contact areas between the stent ends and vessel wall can be seen in case of the ferrous alloy stent deployment in Fig.6 (a) and (c) . Larger amount of expansion was obtained in the stent deployment analysis using the cellular (soft) plaque than calcified (hard) plaque. Excessive expansion at the end of the stent can be reduced by using the new delivery system. The radial expansion distributions are different depending on the plaque stiffness and plaque distribution. This result indicates that the plaque distribution and composition should be considered in stent deployment analyses.
Results and Discussion
Radial displacement
Dog-Boning
Dog-boning is a phenomenon that the stent's proximal and distal ends expand excessively like a dog bone shape. Though this phenomenon works to fix a stent to the vessel wall, ideally stent should be fixed to a vessel wall by pressure between full surface of stents and vessel wall [2] . In addition, the stent's edges with dog-boning phenomenon can cause vascular injury which may lead to restenosis. Therefore, the dog-boning value should be minimized. The degree of dog-boning can be defined by the equation (1) .
Where, and are the radius at the point of interest (POI) and the central radius after the stent expansion, respectively. Figure 7 shows the points of interest on the stent in the analysis using concentric plaque. Table 3 The dog-boning values have become lower by using the new delivery system compared to the conventional delivery system in both stent materials (Ni-Ti alloy and ferrous alloy stents) and plaque compositions (calcified plaque and cellular plaque) (see Table 3 (a) and (b)). In addition, the difference of the dog-boning values between distal and proximal ends (A and D) was minimized by using the new delivery system. These results show the effectiveness of the new delivery system on minimizing dog-boning values and dog-boning value's difference between distal and proximal ends. Figure 7 shows the points of interest on the stent in the analysis using eccentric plaque. Table 4 shows the dogboning values after stent deployment analysis. As same as the concentric plaque analysis, the new delivery system helped dog-boning value decrease in both Ni-Ti stent and ferrous alloy stent placement analyses as shown in Table  4 . The dog-boning value was smaller in the eccentric plaque analysis than in the concentric plaque analysis. This is because of the larger radial expansion at the center of the stent in the eccentric plaque model analysis compared to the concentric plaque analysis.
Conclusions
This study shows the effect of material properties of the stent materials and delivery system on the stenting using FEM. In this study, the vessel wall and plaque models were assumed to be monolayers though they are multilayered in reality. More detailed modeling of the vessel wall and plaque will make the analysis more accurate. In addition, the ferrous alloy used for stent material has not been used in commercial stents, thus, further investigation regarding bio compatibility and flexibility in both silico and vivo should be conducted for feasibility. Though there are some limitations the effect of the stenting using the two types of stent materials and delivery systems are compared. In addition, the effect of the plaque composition and distribution was also studied. As a result, the following conclusions were obtained.

Ferrous alloy stent demonstrated larger expansion than Ni-Ti stent irrespective of the plaque distribution and composition.
 Ferrous alloy stent placement induced higher von Mises stress on plaque and vessel wall.
Ferrous alloy stent increased area stenosis ratio more than Ni-Ti in both concentric and eccentric plaque analyses.
Higher dog-boning value was observed in case of the ferrous alloy stent placement.
 New delivery system helped decrease excessive expansion at the distal and proximal ends of the stents.
 New delivery system decreased area stenosis ratio in all the results compared to the conventional delivery system.  New delivery system decreased dog-boning value irrespective of the stent material, plaque composition, and plaque distribution.
 Different plaque distribution changes the stress distribution induced on the plaque and vessel wall by stent placement.
Plaque composition changed the amount of the stent expansion and stress values induced on the plaque and vessel wall.
